THE most pronounced feature of the metabolism of the cancer cell is its property of aerobic glycolysis. With the possible exception of a few spontaneous mouse tumours, where the metabolism of the cancer cells nay be masked by that of the connective tissues, all tumours yet examined continued to form lactic acid under aerobic conditions [Warburg, 1930]. The aerobic glycolysis is an expression of a deficiency in the tumour respiration, characterised by a lowering of the R.Q. of the tumour tissue to a level below the carbohydrate value of R.Q. found in normal tissues with similar powers of glycolysis [Dickens and gimer, 1930, 2; 1931, 2] whether or not the total respiration is diminished in extent. The appearance of aerobic glycolysis shows that in such tissues the mechanism, called by Warburg the Pasteur reaction, which normally correlates respiration and glycolysis, is defective; for normally in a wide variety of aerobic animal and vegetable cells there is a virtually complete suppression in oxygen of the formation of products of the cleavage type of metabolism.
BY FRANK DICKENS.
From the Cancer Research Institute, North of England Council of the British Empire Cancer Campaign, at Royal Victoria Infirmary, Newcastle-on-Tyne. (Received March 1st, 1934.) THE most pronounced feature of the metabolism of the cancer cell is its property of aerobic glycolysis. With the possible exception of a few spontaneous mouse tumours, where the metabolism of the cancer cells nay be masked by that of the connective tissues, all tumours yet examined continued to form lactic acid under aerobic conditions [Warburg, 1930] . The aerobic glycolysis is an expression of a deficiency in the tumour respiration, characterised by a lowering of the R.Q. of the tumour tissue to a level below the carbohydrate value of R.Q. found in normal tissues with similar powers of glycolysis [Dickens and gimer, 1930, 2; 1931, 2] whether or not the total respiration is diminished in extent. The appearance of aerobic glycolysis shows that in such tissues the mechanism, called by Warburg the Pasteur reaction, which normally correlates respiration and glycolysis, is defective; for normally in a wide variety of aerobic animal and vegetable cells there is a virtually complete suppression in oxygen of the formation of products of the cleavage type of metabolism.
There are two methods by which this problem can be more closely investigated; namely either by the study of methods of artificial production of the property of aerobic glycolysis or by attempts to restore the damaged metabolism to normal. The second of these possibilities is the more difficult to achieve and experiments on this point are in progress.
The most comprehensive study of the conditions under which aerobic glycolysis may be artificially produced is due to Warburg, whose summarised results are as follows [see Warburg, 1929] . I. Inhibition of the respiration; reversibly by means of HCN, irreversibly by temporary asphyxia by keeping the tissue in nitrogen. Spontaneous loss of respiration associated with loss of nuclear material (red blood cell) and accompanying a change of cellular type (embryonic lens). II. Tnhibition of the Pasteur reaction, reversibly by ethyl isocyanide, irreversibly by heat and, partially, by exposure of certain embryonic and germinal tissues to salt solutions. To these we may now add certain agents which, like ethyl isocyanide, may be classed under the rather comprehensive title of "heavy metal reagents": I-amino->2-naphthol-6-sulphonic acid [Krah, 1930] , and also reduced glutathione which, according to Bumm and Appel [1932] specifically and reversibly inhibits the Pasteur reaction. Warburg [1926] pointed out that the poisoning action of ethyl isocyanide on the Pasteur reaction favours the theory of a heavy metal catalyst; the metals in consideration being iron or, less probably, manganese. Since, on this theory ethyl isocyanide reacts with the catalyst of the Pasteur reaction but not with the respiratory catalyst, whilst the same compound is without action on methaemoglobin but reacts with haemoglobin, the further view that the catalyst of the Pasteur reaction may contain iron in the ferrous state was tentatively suggested. Krah concludes from the action of the reagent mentioned that he has demonstrated the ferrous nature of the catalyst.
In the present paper the action of phenylhydrazine on tissue metabolism is investigated. Phenylhydrazine belongs, according to Lipschitz [1924] to the class of "indirect blood poisons" which are able to oxidise blood pigments only in the presence of oxygen, becoming themselves oxidised in the process.
Warburg et al. [1931] showed clearly that in oxygen, but not in inert gas (CO) Effect of phenylhydrazine on the anaerobic glycolysis. The figures given for Q N2 in the tables show the effect of phenylhydrazine on the anaerobic glycolysis of a number of tissues. In some cases a slight fall of glycolysis is observed, but the variation is not as a rule much greater than may be found with duplicate pieces of control tissue after similar pre-treatment but without phenylhydrazine. The tables show that on the whole the pre-treatment with phenylhydrazine in the concentration used is without appreciable effect on the glycolysis measured under anaerobic conditions. Effect ofphenylhydrazine on the aerobic glycolysis. In all the tissues used (with the exception of liver, where the glycolysis is small under ordinary conditions) the effect of treatment with phenylhydrazine is to increase the aerobic glycolysis (Q 02) very markedly. In most cases Q M-rises to a level very near to the anaerobic value. This is best seen with tissues showing high QM2, such as the embryonic tissues (Table I) , and tumour tissue (Table III) . As is well known, many of the embryonic tissues show an appreciable glycolysis in Ringer solution which is not observed when the measurements are made in serum or in amniotic fluid: very young embryos may also glycolyse even in these media unless the enveloping membranes are intact [Negelein, 1925] . Even in such cases ( Table I ) the value of Q i2 found in Ringer solution is greatly increased by pre-treatment with phenylhydrazine.
Of tissues with an intermediate degree of glycolysis, testis (Table II) provides a suitable example. Unlike the other tissues studied, for some unknown reason apparently connected with the animals used, testicular tissue of the rat suspended in Ringer solution shows a very variable aerobic glycolysis. Thus Warburg et al. [1924] give the following figures (based on R.Q. = 1) Q02 -12-3, Q 02 + 7-2, QN2 + 8.5; and a similar though less pronounced aerobic glycolysis was observed by Dickens and Greville [1933, 1] . On the other hand, in earlier experiments Dickens and 8imer [1931, 2] found much lower values of Q°2, and these are similar to the figures given in the present paper. At the other extreme, Barron [1930] reports that though manometrically he observed a small acid formation (Q02 + 1.2), chemically (in phosphate) he was unable to detect any aerobic lactic acid formation in salt solutions with the specimens of rat testis used by him. Since in manometric experiments we have invariably observed some aerobic acid production with this tissue, it was considered desirable to compare the manometric readings with chemical estimations of lactic acid formed. As the result (Table IV) of the analysis (Friedemann and Kendall's [1929] (Table III) and reaches a value which is, within the limits of error, equal to the glycolysis of the same tissue in absence of oxygen.
Nature of the acid formed. The possibility that the acid formed in the manometric observations might not have been lactic acid has been excluded by analysis. For this purpose rat testis and Jensen sarcoma were used and the manometric readings compared with Clausen estimations of the lactic acid formed in the vessels, the results (Table IV) show that some 90 % of the acid formed is lactic acid.
Conditions affecting the action of phenylhydrazine on the metabolism. (a) Washing. Since phenylhydrazine is known to react with haemoglobin under similar conditions to those in which it reacts with the cell-ferments, it is not surprising that incomplete washing of the tissue reduces the extent of its action. It has been observed that in several experiments where completely unwashed testis, for example, has been used phenylhydrazine (2-5 x 10-3M) had no measurable action on the metabolism. If, however, the same tissue were treated with a second portion of the phenylhydrazine Ringer solution, the usual increase of aerobic glycolysis was produced (Table II) . This (Table II) suggesting that carbohydrate oxidation may be reduced.
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Sinilar measurements with Jensen sarcoma showed that neither the R.Q. nor the respiration undergoes any marked change in the poisoned tissue (Table III) ; here again the result is comparable with the absence of change of these quantities with the untreated tissue in glucose-free Ringer, as has been previously shown.
The most serviceable examples of cells suitable for the demonstration of carbohydrate oxidation are provided by brain grey-matter [Loebel, 1925] and the yeast-cell [Meyerhof, 1925] . In both of these, unlike the tissues already considered, the continuance of the respiration is dependent on the supply of carbohydrate from without.
The following experiments were designed to determine to what extent the oxidation of glucose is influenced in these cells by treatment with phenylhydrazine, since this appeared to be a critical test of how far it is the oxidation of carbohydrate that is specifically interfered with by this reagent. Abbreviations: B =method of Warburg [1924] ; B* =method of Dickens and Simer [1931, 1] ; Bt =method of Dickens and Greville [1933, 3] ; Phosphate= method of Dickens and Simer [1930, 1] .
Rat cerebral cortex. The experiments on rat brain tissue were carried out just as for the other tissues in Tables I-III. As in the other experiments glucose was present throughout in the media, a necessary precaution here since the respiration of brain tissue quickly suffers in absence of sugar. The results are shown in Table V . As before, it will be seen that the phenylhydrazine pre-treatment is without effect on the anaerobic glycolysis, whilst in some experiments the aerobic glycolysis rises considerably. In all of these, however, the respiration sinks, more or less slowly, and in spite of repeated trials it has not been found possible by action of phenylhydrazine with this tissue to raise the glycolysis to the anaerobic level without the occurrence of a serious fall in respiration. The R.Q. does not appear to be affected by phenylhydrazine pre-treatment of brain, and it is often similarly unaffected by lack of glucose [Dickens and Greville, 1933, 1] .
Thus with brain tissue poisoned by phenylhydrazine, as the aerobic glycolysis increases there appears to be a progressive change in the respiratory metabolism towards that shown by the same tissue in absence of glucose. The question therefore arises: is the oxidation of other metabolites similarly affected? Loebel [1925] showed that the respiration of normal brain tissue can be supported 
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Pyruvate 0-2 % -10-7 -9-6 -8-6 1-32
Bicarbonate-glucose-Ringer (1st 40 mins.): Qo2 -11-8; QM2 +10-3; QH+ 20-0.
These figures show how the respiration changes with time, and from them it is clear that whilst the ability to oxidise glucose and lactate is severely damaged in the partially poisoned brain, the ability to oxidise pyruvate is in no way affected. This result is particularly noteworthy, since it was shown for tumour tissue [Dickens and Simer, 1930, 2] that whilst glucose and lactate have little effect on the level of R.Q., pyruvate increases this very markedly to above unity (Jensen sarcoma, Rous sarcoma). Except for the fact that the tumour respiration in absence of added substrate does not fall, a property known to be characteristic of brain tissue, the behaviours towards these metabolites of the partially poisoned normal tissue after treatment with phenylhydrazine and of the tumour tissue appear to be very similar or identical. Pyruvate is the only one of these three substances to be readily oxidised by the two types of tissue, in both of which the respiration is damaged in such a way that it is unable to exercise its normal influence on the aerobic glycolysis.
Baker's yeast. The behaviour towards glucose of the respiration of the yeast cells used (Table VI) was found to be essentially similar to that of brain tissue, but the fall of respiration in absence of glucose (about 90 %) in the washed cells showed that the yeast cells were even more dependent than brain on glucose from the medium for their respiration.
Phenylhydrazine pre-treatment of this yeast inhibited its respiration without appreciably affecting its power of anaerobic fermentation. The aerobic fermentation rose, and calculation of the Meyerhof quotient shows that there was only a slight inhibition of the Pasteur reaction, or in other words the poisoning of the carbohydrate respiration ran almost parallel with the appearance of the carbohydrate fermentation. Finally, with the high concentration of phenylhydrazine, poisoning of the respiration was complete, within the limits of error, whilst the fermentation in air became equal to anaerobic (HCN-poisoned) fermentation of the untreated yeast (Table VI) .
As with higher cells, this toxic action of phenylhydrazine on the yeast cell is dependent on the presence of oxygen. With yeast the effect is very marked: Control 7 x l0-3 103 7 xl10 3 x 10-3 10-3 7 x 10-3 x10-3M.
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Other reagents: phenylhydroxylamine and amyl nitrite, both of which lead to methaemoglobin formation in the erythrocyte [Heubner, 1913; Lipschitz, 1924; Warburg et al. 1930; 1931] and to increased respiration of the latter in glucose, are without similar effect to that of phenylhydrazine on the Pasteur reaction Since these reagents, in their reactions with haemoglobin at any rate, are without effect on the globin, whilst phenylhydrazine brings about its denaturation, it seems likely that it is to this property of protein denaturation that phenylhydrazine owes its action on the Pasteur reaction.
The mechanism of the Pasteur reaction. According to Warburg's conception [see Warburg, 1930] , the increase of aerobic glycolysis without a corresponding fall in the respiration is the criterion by which we may judge the specific inhibition of the Pasteur reaction. The extent of the inhibition is to be estimated by the fall in the value of the Meyerhof quotient: (aerobic minus aerobic glycolysis)/(respiration). From a normal value of about 2, this quotient will sink to zero when inhibition of the Pasteur reaction is complete.
Judged by this standard, phenylhydrazine is a specific, irreversible inhibitor of the Pasteur reaction only in certain tissues; these are the tissues whose continued respiration is not dependent upon their being provided with carbohydrate from without. On the other hand, in tissues whose respiration is dependent on exogenous carbohydrate, phenylhydrazine acts as a specific poison for the respiratory enzymes, where its effect on the respiration may, as with the yeast cell, resemble that of cyanide in its completeness.
A number of questions are at once suggested by this apparently dual role of phenylhydrazine as a poisoner on the one hand of the Pasteur reaction and on the other of the oxidation of carbohydrate. In the first place it does not seem probable that this property possessed by phenylhydrazine of interference with glucose oxidation without interfering with the mechanism of glucose cleavage is limited to tissues whose respiration falls in the absence of glucose. It is therefore a probable assumption, supported by the evidence as far as this is available, that the mechanism of phenylhydrazine poisoning is similar in all the tissues studied, Greville [1933, 1] ); it cannot however be assumed that oxidation of glucose and fructose by tissues necessarily proceeds along similar routes, and it is therefore permissible to limit the present discussion to the role of the oxidation of glucose in the Pasteur mechanism.
As far as the glucose metabolism of the mammalian tissues here described is concerned, the evidence for the hypothesis advanced by Dickens and Simer [1930, 2] , that the Meyerhof cycle is connected mainly or wholly with the oxidation of carbohydrate, rests principally on observations of R.Q. [Dickens and Simer, 1930,2; 1931,2; Dickens and Greville, 1933,1,3] , on the effect of sugar-lack on the ammonia formation [Dickens and Greville, 1933, 2] and on the respiration and R.Q. [Dickens and Greville, 1933, 1] .
If the estimate of sugar oxidation derived from these values be accepted, it is found that in all the normal tissues studied glucose oxidation runs parallel with their ability to form lactic acid from glucose. The criticism which may be applied to this conclusion is The action of phenylhydrazine and some allied substances on the metabolism of surviving tissues has been investigated. Phenylhydrazine, in low concentration, is without action on the anaerobic glycolysis of animal tissues or on the anaerobic fermentation of yeast. On the other hand, in the presence of oxygen, it causes the aerobic lactic acid formation of a wide range of animal tissues and the aerobic fermentation of baker's yeast to rise to a value near or equal to that of the same cells anaerobically. The effect of the same treatment on the respiration is described, and it is found that the tissues which are dependent on the oxidation of glucose (or lactate) for their continued respiration undergo a progressive fall of respiration after treatment. Baker's yeast also belongs to this class of cell. However, the majority of animal tissues are not so dependent, and their respiration is much less obviously affected by phenylhydrazine. Tumour tissue (Jensen sarcoma) behaves similarly to this group of normal cells, and its already high aerobic glycolysis is caused by this treatment to rise to the anaerobic value. The bearing of these observations on the nature of the Pasteur reaction is discussed.
